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INTRODUCTION 
There is considerable interest in the nature of the 
structural organization of multimolecular assemblies of 
amphiphilic molecules. Recently* much effort has been 
directed towards the utilization of organized media to 
modify re^activity and regio-selectivity of products. Among 
the many ordered or constrained systems utilized to organize 
the reactants the notable ones are micelles, mlcroemulsions, 
liquid crystals, monolayers and solid jjhases such as adsor-
bed surfaces and crystals. Judicious selection of a given 
organized system for a given application requires a suffi-
cient understanding of the properties of the organized media 
themselves and those of the substrate interactions therein. 
Due to their widespread uses in many industrial applications 
there has been an increasing interest in the surfactant 
research, both academic and applied, in recent years, A 
fundamental understanding of the physical chemistry of 
surfactant organized assemblies,their unusual properties 
and phase behavior is essential for most industrial chemists. 
Surfactants, surface active agents, also called detergents, 
are amphiphilic organic or organometallic molecules, where 
a polar head group attached to a long non polar tail provides 
1-3 distinct hydrophobic and hydrophllic functionalities 
Owing to the polarity of the distinct regions these sub-
stances have also been referred to as amphipathic, hetero-
4 5 polar or polar nonpolar substances ' . The polar non polar 
/ 
2 
character is responsible for the unique properties of sur-
factant molecules in solution which render possible appli-
cations in detergency, cleaning, wetting, flotation, eimil-
sification, dispersion, foaming etc ~ , The factor respo-
nsible for desired surface activity is the balance between 
11 lyophobic and lyophilic characteristics of the molecules , 
Aqueous solutions of surfactants or amphipathic 
molecules, at a minimum concentration, referred to as 
critical micelle concentration (CMC), associate dynamically 
to form normal micelles ' . CMC is a narrow range of 
concentration at which the micelles first become detectable. 
The sharpness of the break in physical properties depends on 
the nature of the micelle and on the method of CMC deter-
13 
mination (Fig 1), The value of the CMC is dependent upon 
a large number of parameters like surface activity, total 
carbon chain length, additional polar groups, C=C dotible 
bonds, chain branching and various tyi^ es of additives; 
14 polar and nonpolar, electrolytes, temperature and pressure 
Increase in surface activity, hydrocarbon chain length, 
addition of strong electrolytes to ionic surfactants tends 
to decrease the CMC while additional pcDlar groups in the 
hydrophobic chain, C=C double bonds and chain branching tend 
to increase the CVC, The effect of temperature on the CMC 
of charged micelles is more complex than that for nonionic 
15 
micelles 
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The CMC concept has an exact meaning within the so 
called phase separation model of micelle formation. This 
model considers micelle formation as analogous to a phase 
separation and the CMC is then the saturation concentra-
tion of the amphiphile in the monomeric state whereas the 
micelles constitute the separated pseudophase. The phase 
separation model predicts a sharp change in physico-
chemical properties around the CMC while a closer analysis 
of experimental data revekls a smooth transition and, further-
more , the monomer concentration and activity are not constant 
above the CMCc In the mass action law model, it is assumed 
that a single micellar species is in equilibrium with the 
monomers, 
nA, ^ ^ A^ ,,...,. (1) 
1 n 
and CMC = K^/""^ (3) 
This approach illustrates well that the larger the 
micelle the more cooperative is the association and the 
closer we are to a phase seperation behavior. The multiple 
equilibrium model formulates a stepwise aggregation 
Ai + A^ - A2 
A2 + A^ ^ ^3 
^ i - 1 •*• ^ 1 - - -^i 
5 
This model exhibits the fact that the micellar size is not 
restricted to a single aggregation mimber but there is a 
raicellar size distribution. For cases with predominantly 
spherical micelles the polydispersity is low and there is 
thus a particularly preferred micelleir size. In cases where 
micellar growth occurs the polydispersity is large and a wide 
range of micelle sizes occur . However several workers e.g. 
Kitahara et al and others have pointed out that this model 
is not valid in aqueous media, it is only valid in nona-
queous media. 
There are four categories of surfactants. Depending 
on the chemical structure of the hydrophilic moiety bound 
to the hydrophobic portion, the surfactants may be classed 
as cationic, anionic, nonionic, or airpholytic (zwritterionic) . 
The number of monomers that aggregate to form a micelle is 
called the aggregation number (N), Typically the CMC's are 
in the range of 0,01 - 10.0 mM, with each micelle consisting 
17 
of 40 - 180 monomers • 
A schematic two dimensional representation of 
Hartley^ model of a spherical micelle is shown in Fig 2. 
It is generally assumed that micelles at concentrations close 
to their CMC are roughly spherical. The hydrophobic part of 
the aggregate forms the core of the micelle. The interior 
of a micelle is viewed as being much like a liquid hydrocarbon 
droplet. Fluorescence and esr measurements on the rate of 
6 
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Fig. 2 Hartley model of a spherical micelle 
7 
rotational reorientation of probe molecules In micelles 
indicate that this is substantially true even though their 
motion is significantly restricted relative to that in pure 
organic solvents of low viscosity. 
The polar head groups are located at the micelle-water 
interface in contact with and hydrateSby a ntimber of water 
molecules. The roicellar surface can be viewed as a two dimen-
sional araphipathic structure. This shows up in the fact that 
both hydrophobic organic molecules and hydrophilic ions may 
associate with micelles and be localized at the micellar 
surface. The amphipathicity is a property shared with the 
surfaces of proteins and membranes, as is also indicated by 
the polarity of the micellar surface which is more nearly 
comparable to that of ethanol. This polarity is comparable 
to that at the surface of simple globular proteins and the 
18 
membrane of the erythrocyte . 
The surface of micelles formed, from ionic surfactants 
is highly charged (3-5 Molar) , About 80% of these charges 
are neutralized directly through the incorporation of counter 
ions into the micellar surface, forming the stern layer. The 
remainder of the counter ions form the diffuse Gouy Chapman 
layer. The existence of a substantial net charge at the 
micellar surface provides a large drop in electrical poten-
tial across the stern layer and attracts ions of opposite 
8 
charge . The amount of water in the mlcel lar i n t e r i o r va r i e s 
from surfac tant to surfactant but water i s considered, a t 
p resen t , to penet ra te the micellar isurface only upto d i s -
tances of approximately th ree to si>: carbon atoms; i t has 
been proposed tha t micelles are loose and porous s t r uc tu r e s 
in which water and hydrophobic regions are cons tan t ly in 
19 20 contac t * , Current thought on t h i s con t rove r s i a l "water 
exposure of micelles*' i s found mainly on low-angle neutron 
s c a t t e r i n g experiments which allow the study of unpertfurbed 
21 
mice l les , This modern concept discusses the main charac-
t e r i s t i c s of the molecular conformation in micel les in terms 
22 of the " in te rphase model" . The "water penet ra t ion" concept 
of the hydrophobic sect ions of micelles i s now le s s accep-
t a b l e than the "water exposure" e f fec t . This con t rovers ia l 
t o p i c i s s t i l l a matter of debate *" . 
Surfactant molecules can be considered as bui ld ing 
blocks of m ice l l e s . I t i s possible to obtain various types 
of s t r uc tu r e s of surfactant molecules by simply increasing 
the concentra t ion of surfactant in water with a concomitant 
25 
change in the s i ze of the aggregates . The spher ica l micel les 
formed near the CMC become cy l indr ica l ones which may be 
converted in to a hexagonal packing of su r fac tan t molecules t o 
lamel lar s t r uc tu r e s by increasing the concentra t ion of sur -
fac tan t in aqueous medium. Further concentrat ion increase 
leads to the conversion of lamellar s t r uc tu r e s to hexagonal 
packing of water cylinders (Fig 3). It is possible to induce 
a transition from one structure to another by changing the 
physico chemical conditions such as temperature* pi or by 
addition of mono or divalent cation and other additives in 
the surfactant solution. 
Reverse Micelle 
In non polar solvents, in the presence of traces of 
water, surfactants associate to form the so called reverse/ 
inverted micelles. The polar head groups form the interior 
while the hydrophobic hydrocarbon moities of the surfactants 
are in contact with the apolar solvent. The size and proper-
ties of reversed micelles vary with the amount of water 
2 26 27 28 present ' ' ' . The reversed micellar system can be chara-
29 
cterized by a variety of physical techniques such as viscosity 
centrifugation , light scattering , NMR , IR , vapor 
28 34 
pressure Osmometry and small angle X-ray scattering . A 
possible structure of reversed micelle in a nonpolar medium 
is shown in Fig 4(a), 
The discontinuity in some physical property of the 
solution can be used to identify the CMC and techniques such 
as light scattering, ultracentrifugation and viscosity are 
used to determine the size and shape of the micelle. Techniques 
to determine the CMC of reversed micellar systems include dye 
10 
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3S 36 37 38 
solubilization * * water solubilization , nmr , solubi-
lity , surface tension ' ' and others which have been 
42 
compiled by SBljioda . 
The inner cavity of a reverse micelle has been compared 
with the active sites of enzymes. These similarities have led 
to various fascinating investigations in micellar systems in 
order to understand the processes at biological levels. 
Water in reverse micelles is eocpected to behave very 
differently from ordinary water because of extensive binding 
and orientation effects induced by the polar heads forming 
the water core. 
Lately enzymes have been encapsulated inside.the water 
pool of the reverse micelle without affecting their activity 
Reverse micelles are able to solubilize in hydrocarbon solvents, 
hydrophilic molecules like enzymes and plasmids that are much 
larger than the original water pool diameter. Such micelles 
can be viewed as novel micro reactors whose physical proper-
ties can be controlled through the water content. 
Mixed Micelles 
The formation of micelles from more than one chemical 
species gives rise to what are known as mixed micelles. The 
surface activity of a mixed surfactant system is reported to 
43 be superior to that of the single one , In the case of mixed 
12 
micelles whose components have the same ionic nattire i,e,# 
ionic - ionic or nonionic-nonionic the structure of mixed 
micelle is expected to be similar to ithat of each single 
micelle. It means that mixed micelles are formed in the same 
manner as the single micelle/ in which specific interactions 
between different surfactant molecules have been excluded. 
Therefore CMC of mixture of ionic-ionic or nonionic-nonionic 
surfactants in aqueous solution have been predicted theorem 
44 45 
tically ' , However it is difficult to predict theoreti-
cally the CMC of the mixture of nonionic and ionic surfac-
tants in aqueous solution because of specific interactions 
between components and also because of the difference in 
status of hydrophobic and hydrophilic parts of components 
46 in the mixed micelles , , 
However* theoretical equations have been formulated to 
explain the changes in CMC of mixed surfactants ' , Pseudo 
phase separation models have been developed to treat mixed 
49 
mlcelllzatlon in binary surfactant mixtures , Recently a 
"mass action" model of mixed mlcelllzatlon was given, which 
may be preferred over the simpler pseudo phase separation 
, ,50-52 
model . 
Another class of mixed micelles results vjhen low mole-
cular weight molecules are solublllzed by micelles formed 
from surfactants containing relatively larger non polar side 
13 
c h a i n s . The s o l u b i l i z e d s u b s t a n c e , a l so c a l l e d a p e n e t r a t i n g 
53 54 
a d d i t i v e , may be l oca t ed in t h e hydrocarbon c a r e or the 
55 h y d r o p h i l i c mant le • 
V e s i c l e s and Liposomes 
Upon s o n i c a t i o n above t h e i r phase t r a n s i t i o n tempera ture* 
many long cha in s u r f a c t a n t s assemble t o form s i n g l e or mul t i~ 
component b i l a y e r v e s i c l e s . The terra v e s i c l e i s used t o 
d e s c r i b e s p h e r i c a l or e l l i p s o i d a l s i n g l e o r mult icompartment 
c l o s e d b i l a y e r s t r u c t u r e s , r e g a r d l e s s of t h e i r chemical com-
p o s i t i o n . V e s i c l e s composed of n a t u r a l l y o c c u r r i n g or s y n t h e -
t i c phospho l ip ids a r e r e f e r r e d t o as l i posomes . In c o n t r a s t 
t h o s e formed from complete ly s y n t h e t i c s u r f a c t a n t s a re t o be 
d e s i g n a t e d as s u r f a c t a n t v e s i c l e s . Like t h e s a a p s , t he po la r 
l i p i d s a re amphipathic and spon taneous ly form very t h i n 
b i l a y e r s s e p a r a t i n g two aqueous a p a r t m e n t s . I n t h e s e s t r u c -
t u r e s (Fig 4b) t h e hydrocarbon t a i l s of t h e l i p i d molecules 
ex t end inward from t h e two s u r f a c e s t o form a con t inuous i nne r 
hydrocarbon c o r e , and the h y d r o p h i l i c heads face outward, 
e x t e n d i n g i n t o the aqueous p h a s e . 
Compared t o m i c e l l e s , t h e k i n e t i c s t a b i l i t y of v e s i c l e s 
i s much g r e a t e r as i s t h e i r s i z e (2 ,000 - 10,000 monomers). 
A l s o , they a re more r i g i d and can e n t r a p and r e t a i n s o l u b i -
l i z a t e s . The methods of the p r e p a r a t i o n and the p r o p e r t i e s 
14 
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57 have been reviewed • When liposomes are Inj^ ected into the 
blood stream they are absorbed and their lipids are meta-
bolized by cells of the reticuloendothelial system ip^ iich are 
58 largely located in the bone marrow and the spleen • This 
fact has led to the use of liposomes to carry specific drugs 
to the reticuloendothelial system, to concentrate their 
effects in this tissue. For this purpose liposomes are 
"loaded" with a solution of the drug and injected. It has 
been found in experimental animals that using liposomes as 
a carrier greatly increases the potency and safety of drugs 
effective against the protozoa causing "Kala Azar**. Lipo-
somes can also be fused into the plasma mendranes of cells 
under some conditions making it possible to study experimen-
tally the effect of altering the lipid composition of cell 
membranes. The liposomes have been proposed to behave like 
natural membranes and hence are called model membrane 
59 
systems , 
Thermodynamics of Micelle Formation 
There are two main approaches to the theoretical desc-
ription of micelle formation, the pseudo phase theory and 
the law of mars action and have been extensively discussed by 
15 Elworthy and coworkers . The process of micellization involves 
the reversible aggregation of N amphiphile molecules to form 
a micelle as given in the following; 
Nm =e: M 
16 
The equlllbriiim constant of this process Is given byt 
K - CV(C ) ^ 
c M' m 
\^ere C and C., are the concentration of monomer and 
m M-
micelle, respectively. Since the system is In equilibrium 
the chemical potentials of the monomers and micelle will be 
equal 
\ihere Ji^ - JUL + RT In C (monomer) 
fi^ = p^ + RT In Cj^  (micelle) 
From these relations the standard free energy of 
mlcelllzation, ^ G / per monomer Is found to be given as 
,o A G = RT In C - RT/^ In C„ 
= RT In c.m.c, + RTA In N - RTA In C„, 
M. 
Where C.,, = NC., and C = cm.c • The standard M M m 
free energy of mlcelllzatlon A G , is the overall free 
energy change which Involves free energy due to transfer 
of hydrophobic part of an amphlphlle molecule from the 
aqueous medium to the micelle, ( A G ^ , electrostatic 
Interaction energy, ( A G ) , interaction of micelle with 
the solvent component ( A G ) , so overall free energy may 
be expressed as 
AG° = AG°^+ AG° + A G ° 
The value of A G will be negative while A G will be 
positiveo In the case of nonionic surfactant, A G will 
17 
be absent« i*hile for ionic micelles the opposing forces w i l l 
be due t o AG° + AG° e w 
In dilute solutions, with aggregation nuniber exceeding 
20-30, the free energy of micellization can be represented 
by the following equation 
A G° = - RT In CMC 
Other thermodynamic parameters can be related as 
AH° 
AS: 
Thermodynamics 
j,-,2 d In (CMC) 
dT 
. 1 (AH:-AG°) 
of Micellar Solubilization 
It is well known that appreciable amounts of organic 
compounds which are insoluble in water are solubilized by 
micellar solutions, i.e. when the amphiphile concentration 
is greater than CMC. The solubilization phenomena, of our 
interest here,refers only to those systems where the solute 
has no effect on Z:^G i.e., CMC and N do not change. 
As has been described in the literature , in the 
solubilization experiment the aqueous micellar solution is 
allowed to attain equilibrium by standing in contact with 
the excess solute (water insoluble compound) in the solid 
state. The aqueous micellar solution can be treated as a 
pseudo two phase system, and at eqviilibrium ' ^ 
18 
fij - ^ : ' - ju," 
jAiere }l^^, Vts^^ ®"^ ^ s ^^ ® ^^® chemical p o t e n t i a l s 
of the so lu te in so l id s t a t d , aqueous phase and micel lar 
phase, r e spec t ive ly . The free ener<5y change involved in the 
s o l u b i l i z a t i o n , AG^ t i s given as follows : 
A G / « - RT m ( c / ) / (c/^^) 
where C and C^ are the concentrations of the 
s s 
solute in the aqueous phase and the micellar phase, respec-
tively. For the case where one is Interested in the variatioi 
of A G ^ with the number of carbon atoms in the alkyl chain 
s 
of the amphiphile molecule, the previous relation can be 
61 
rewritten as : 
AG ° = - RT In cj^ 
aQ Since the term C remains constant. The micellar 
solubilization in such a case is determined by the hydro-
phobic interactions i.e, A G^ , in other words, AG^ is 
expected to be related to the number of carbon atoms in the 
alkyl chain. It was shown that plots of AG versus nvimber 
of carbon atoms (nO were linear for a variety of micellar 
homologous series for different solutes (eg. DMAB, Orange OT, 
Napthalene, Anthracene) , It is seen that the change in 
solubilization energy per additional CH^ group, as deter-
mined from the slopes, is average magnitude of -837 J 
(-200 cal)/mole. These data further Show that the change 
19 
in AGg per CHj is not dependent on the added salt to the 
solvent. Further* Blrdl and coworkers have calculated the 
values of A G for different micellar systems in various 
salt concentrations and these data also clearly show that 
o AG_ does not depend on the ionic strength. This also 
s 
Indicates that A G is not dependent on the aggregation 
number, N, since the magnitude of N Is known to increase 
with increasing ionic strength in the case of ionic micelles, 
The magnitude of the opposing forces could thus be estimated 
based on Debye-Huckel ' assumptions and the knowledge of 
CMC and aggregation number, N. It was reported that the 
calculated opposing forces are a linear function of the area 
ex. 
per polar group at the micelle water interface , 
Solubilization 
The term solubilization implies the formation of a 
thermodynamically stable isotropic solution of a substrate 
(the solubilizate) , normally insoluble or only slightly 
soluble in a given solvent, by the addition of a surfactant 
(the solubilizer). Solubilization is of course, closely 
related to micellization since little or no solubility 
increase is observed until the CMC of the surfactant is 
reached, but once the micelles are fully formed its increase 
is directly proportional to the concentration of the sur-
factant over a large range. The observation of solubility 
20 
changes as a function of surfactant concentration has, in 
fact, led to the determination of numerous CMC values. The 
observed solubility data is expressed as solubility curves 
or as phase diagrams. 
The nature of the solubilizate as well as that of the 
solubilizer and the solvent, the presence of additional 
polar or non polar substrates, and the temperature are the 
complex parameters which influence solubilization. Counter 
ions of micellar surfactants, added electrolytes and non-
electrolytes also influence sol\ibilization. 
The most common classification of solubilizates has 
been by polarity. As might be expected, such a sharp divis-
ion as polar and apolar is always accompanied by intermediate 
compounds which are difficult to classify categorically, 
having properties of both groups. An unsaturated ring such 
as benzene does not have a specific polar group as in 
octanol and octanoic acid, but its readily polarized elec-
trons lead to its having properties more akin to a polar 
solubilizate than an apolar one.Cyclohexane, on the other 
hand, behaves as an apolar solubilizate ' , General 
prediction that a decrease in the polarity of the solubili-
zate will result in enhanced solubilization, are only 
approximately valid, Klevens pointed out that in most cases 
ascending a homologous series ie^ increasing the chain length 
21 
of the alley 1 chain either in a straight chain compound or 
substituted on a benzene ring, decreases the solubility in 
a surfactant solution, and that unsaturated compounds are 
more soluble than their saturated counterparts, and cycli-
zation results in enhanced solubility, but branching of the 
chain has little effect, unfortunately these generalizations 
apply only to the simplest solubilizates; the presence of a 
second ring may reduce solubility, e.g. napthalene is less 
soluble than n-butyl benzene or n-decane. 
Size and steric factors make the orientation of the 
larger polycyclics in the micelle more formidable than for 
simple straight chain compounds. It has been shown that the 
solubility of the steroid hormones was much greater than those 
of the polycyclic hydrocarbons in surfactant solutions, 
69 
Ekwall e t al concluded t h a t the l a t t e r , l i k e the smaller 
apolar solvibi l izates , were s i t u a t e d in the hydrocarbon pa r t s 
of the micel le , whereas the hormones v;ere s i t u a t e d in the 
pa l i sade layers of the mice l l e s . The molecular weight of a 
sur fac tant as such does not give much ind ica t ion of i t s 
70 71 so lub i l i z ing p rope r t i e s . Har t ley e t a l ' suggested tha t 
the so lubi l iz ing powers of micel les increased with the increa-
sing s ize of the surfactant mice l l e . This idea was based on 
mobi l i ty measurements but can be supported i f maximum addi t ive 
concentrat ion measurements are co r re l a t ed with micel lar s izes 
22 
72 
obtained on ascending a homologous series or with the 
73 74 
relative micellar sizes of sodium dialkylsulphosuccinates ' 
75 
and straight chain compounds or of sodium dodecyl sulphate 
76 
and v^ dodecylamine hydrochloride • 
Several formulae have been suggested for relating 
CMC's to the size of the hydrophobic moiety of the .surfactant 
77 78 for a given hydrophilic entity ' , in all cases the CMC 
decreases as the homologous series is ascended. Unfortunately, 
the effect of diain length on solubilizing power is not quite 
as simple to interpretj for-^ the additional complicating factcr 
of the solubilizate must be considered. The complex procedure 
of incorporation of the various types of solubilizate and 
the subsequent size of the solubilizate surfactant micelle 
makes any generalization on this problem extremely difficult. 
For a nonionic detergent, provided that there is a suffi-
ciently long polyoxyethylene chain to give a stable aqueous 
solution/ further increased glycol chain length does not 
enhance the solubilizing power. 
/ 
The dependence of micellar solubilization on tem-
perature depends on the structure of the solubilizate and 
surfactant, and in most cases increases with increasing 
temperature. This effect can generally be ascribed either 
to (1) a change in the aqueous solubility of the solubili-
zate and (2) a change in the properties of thie micelles. 
23 
POr the ionic detergents, the maximiim additive concentration 
increases with temperaturet Micellar weights measured at 
various temperatures show that both the nximber of surfactant 
monomers and the number of solubilizate molecules per micelle 
increased with temperature. Certain nonionic detergents, 
^^ether or not solubilizate is present, exhibit separation 
into two phases on heating. The exact mechanism is not 
known, but just before the 'cloud point* increasing tempera-
ture is accompanied by a rapid increase in micellar weight. 
The effect of addition of electrolytes on solubilization has 
many important consequences and has been studied extensively. 
In general it has been found that with increasing concentra-
tion of electrolytes, especially the counter ion,the CMC 
79—85 decreases leading to increased solubilization • Depending 
on their structure the addition of nonelectrolytes in general 
86—R7 increases the solubilization, Winsor " has postulated a 
mechanism for this increased solubility of an apolar solubi-
lizate when a polar solubilizate is introduced into the 
system, based on this theory of intermolecular and intra--
molecular forces and affinities. He considered a system of 
water, octanol, undecanfe-3 sodium sulphate and a saturated 
aliphatic hydrocarbon fraction. Mixing 5 ml of a 20% aqueous 
solution of the surfactant with 5 ml of the hydrocarbon 
produced a two phase system; the first composed of the 
hydro carbon; the second the aqueous surfactant solution, the 
24 
micelles of which/ according to Winsor/ had not solubilized 
the hydrocarbon to any appreciable extent* Octanol added to 
such a system penetrated the micelles* orienting with its 
hydroxyl groups between the sulphate groups of the surfactant 
and its alkyl tail into the centre of the micelle. This 
• dilution* of the highly polar sulphate groups with the less 
polar hydroxyl groups reduced the interaction between the 
surface of the micelles and the solvent, allowing a reduction 
in its curvature. and a concomitant u]?take of hydrocarbon. 
Addition of sufficient octanol produced a one phase solubilized 
system known as solubilized raicellar system or more appropria-
tely a microeraulsion system. 
The location of solubilization sites of solubilizates 
within micelles in aqueous solution has recently been the 
2 88 1 
object of many spectroscopic studies by various techniques ' '' 
In general the site of incorporation of solubilized molecules 
depends on their relative hydrophobic and hydrophilic tenden-
cies. The solubilizate may be entrapped in ttie hydrocarbon 
core of the micelles, be oriented radially in the micelle with 
its polar group buried (deep penertration) or near the surface 
(short penetration), or be adsorbed on the surface of the 
90—100 
micelle ~ (Fig 5), Additionally/ for nonionic surfactants, 
incorporation of the solubilizate can occur in the polyoxye-
thylene shell of the surfactant. 
25 
bULK 
WATER 
Fig ^^ A cross sect ion of an aqueous normal 
micelle wi th d i f fe ren t s o l u b i l i z a t i o n sites^ 
A and B represent same and opposi te 
charge solute to the micelle whi le C and 
D represent the nonpolar and amph iph i l i c 
s o l u t e s . 
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Many techniques have been employed to study the sites 
of solubilization! distribution studies. X-ray diffraction, 
NMR, spin labelling techniques ' ' , ultrasonic spectro-
scopy Raman spectroscopy , electron spin echo modula-
1 0*^  1 Oft 
tion study , optical activity, viscosity and conduc-
107 2 
tivity of trace electrolytes and Masorption spectroscopy , 
Competetive Solubilization 
When two or more components are present in the solu-
bilization experiment then the phenamenon of preferential 
solubilization of one solubilizate over the other is termed 
as competetive solubilization. Very limited research work 
108—111 has been initiated on this aspect of solubilization, 
Competetive solubilization has tremendous biological 
applications. Bile salts, the naturally occuring surface 
active agents in the body preferentially solubilize parti-
cular solubilizates and transport them in the body from one 
tissue to another. 
Applications of Solubilization 
With the large scale introduction of surface active 
agents and the discovery of phenomenon of micellar solubi-
-.4 0.. v^. X. ^4 ,112-114 , . , , .115,116 lization, the pharmaceutical , biological , 
117 119 120 
chemical ' , industrial applications have become 
obvious. Solubilization also finds use in cosmetic 
121-122 123 
preparations , separation science , enhanced oil 
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123 
r e c o v e r y , convers ion of energy from one form t o a n o t h e r . 
S o l u b i l i z a t i o n in r eve r se m i c e l l e s p l a y s a v i t a l r o l e i n 
removing p o l a r d i r t from c l o t h e s , i n motor o i l s t o s o l u b i l i z e 
c o r r o s i v e o x i d a t i o n products and t o p reven t them from r e a c -
t i n g wi th eng ine p a r t s , s o l u b i l i z e d systems a r e used i n 
a g r i c u l t u r a l s p r a y s , dyeing media, in removing odour caus ing 
molecu les from food packaging p l a n t s , pho tograph ic p r o c e s s e s 
and in s u r f a c t a n t type co r ro s ion i n h i b i t o r s . A ve ry impor tan t 
123 
a p p l i c a t i o n of s o l u b i l i z a t i o n i s i n s e p a r a t i o n s c i e n c e 
Aqueous m i c e l l a r systems have t h e a b i l i t y t o s o l u b i l i z e , 
compar tmenta l i ze and c o n c e n t r a t e (o r s e p a r a t e ) s o l u t e s , a l t e r 
t h e l o c a l environment about a s s o c i a t e d s o l u t e s , a l t e r t h e 
p o s i t i o n of e q u i l i b r i u m systems and a l t e r t h e pho tophys i ca l 
and chemical pathways and r a t e s among o t h e r s . Although a l l 
of t h e s e m i c e l l a r f e a t u r e s can be e x p l o i t e d t o a i d t h e 
s e p a r a t i o n s c i e n t i s t in s p e c i f i c i n s t a n c e s , t h e main b a s i s 
f o r t h e s u c c e s s f u l u t i l i z a t i o n of aqueous m i c e l l a r media in 
s e p a r a t i o n s tems from t h e f ac t t h a t they can d i f f e r e n t i a l l y 
s o l u b i l i z e and i n c o r p o r a t e a v a r i e t y of s o l u t e s . Some of t h e s e 
t e c h n i q u e s a r e m i c e l l a r f a c i l i t a t e d sampling c o n s i d e r a t i o n s , 
e x t r a c t i o n s based on t h e d i f f e r e n t i a l s o l u b i l i z i n g a b i l i t y of 
m i c e l l e s , M i c e l l a r e l e c t r o k i n e t i c c a p i l l a r y chromatography, 
M i c e l l a r l i q u i d chromatography, m i c e l l a r enhanced d e t e c t i o n , 
M i c e l l a r enhanced u l t r a f i l t r a t i o n , and m i c e l l e mediated 
e x t r a c t i o n s or p r e c o n c e n t r a t i o n s of PAC's . 
28 
Recently it has been reported that Sudam III and 
124 Sudan IV prevent hydrocarbon induced leukemia in the rats . 
These dyes were also reported as noncarcinogenic v^en admi-
nistered in small amounts. The fact that various polynuclear 
aromatic hydrocarbons, PAHS, being insoluble or slightly 
soluble in water, can be solubilized in body fluids (generally 
surfactants, lipids and proteins) and then transported in 
the body. The release of PAHS from their solubilized state 
are expected to produce hydrocarbon induced leukemogenesis 
at a high frequency. The above mentioned facts prompted us 
to study the solubilization of Sudan IV and anthracene in 
anionic, cationic and nonionic micellar systems in water 
and the competetive solubilization of both in the same 
micellar systems. 
29 
E X P E R I M E N T A L 
30 
MATERIALS 
Sodium dodecyl dulphate (SDS) was a product of gpectrol 
(India). It was washed with diethyl ether, recrystallized 
twice from absolute ethanol, and dried in vacuo at 80 C, The 
purity of the surfactant was ascertained from the absence 
of minima i6 the surface tension versus logarithm of cen-
centration plot , Cetyltrimethylamraoniumbroraide (CTAB) / was 
obtained from E. Merck (India) Ltd, The surfactant did not 
show any minimum in the surface tension versus logarithim of 
concentration plot and therefore was used as supplied. The 
non-ionic surfactant, polyoxyethylene (9,3) octyl phenol 
(Triton X-100) was pxirchased from BDH chemicals ltd Poole, 
(England). It was used as supplied. 
The solvents n~hexane, n-octanol and n-decane were 
BDH products (99%), n-butanol was E, Merck (India) (99%) 
product while n-beptane was obtained from Gla>:o (India) ltd 
( ^  99%), They were used without purification, water was 
distilled twice in presence of alkaline pottasium permaganate 
in an all quick fit pyrex glass assem]oly. The specific conduc-
tivity of water was Ixio" to 2 xlO" ohm" cro~ . Water equili-
briated with atmospheric carbondioxide was used throughout the 
work. 
The solubilizates, Sudan IV and anthracene were purchased 
from Loba-Chemie, India and E. Merck (Darmstadt) respectively. 
Their purity was of microscopic grade and scintillation grade 
31 
respectively and were used as supplied. 
A concentrated stock solution of the surfactant, to 
be studied, was prepared by weighing and the solutions of 
different concentrations were prepared by appropriate dilution 
of the stocTc solution. 
Solubilization Procedures 
(A) For a typical solubilization experiment, excess amount 
of solubilizate, Sudan IV or anthracene, were added to surfa-
ctant solutions of different concentrations in aqueous solution. 
The solutions were then shaken for at least 5 days in a 
metabolic shaker maintained at constant temp. The absorbance 
of the supemantant liquid was measured. The attainment of 
equilibrium was repeatedly checked by keeping unfiltered 
solutions for longer periods and measuring the absorbance of 
a portion of the supernatant liquid. After being shaken for 
seven days> their absorbance did not change within the limits 
of experimental error. Finally the solutions were withdrawn 
and diluted with the surfactant solution of the same concen-
tration. The absorbance of the solutions were measured at 
the wavelength of maximum absorption on Spectronic-20, Bausch 
and LoBrtb in the visible region and on VSU 2-P, Carl Ziess, 
Jena spectrophotometer in the ultraviolet region. 
32 
(B) For competitive solubilization experiments, excess 
amount of approximately equal weights of both the solubili-
zates, Sudan IV and -anthracene were added to surfactant 
solution of different concentrations. After shaking f6r 
7 days the solutions were diluted appropriately and the 
absorbance of both the solubilizates at their respective 
/N were measured in surfactant solutions of various 
max 
concentrations, 
(C) For sequential solubilization experiment, first 
excess amount of Sudan IV was added to surfactant solutions 
of different concentrations; The solutions were then shaken 
for 7 days. After this period the solutions were withdrawn 
and diluted with the surfactant solution of the same concen-
tration. The absorbance of the solutions was then measured 
at the A of Suc3an IV, After doing this excess amount of 
max . ^ 
.anthracene was added to each of the surfactant solution 
already saturated with Sudan IV, The solutions were once 
again shaken for 4 days in a metabolic shaker. The absorbance 
of Sudan TV was once again measured at its A , The same 
^ max 
procedure was adopted for the sequential solubilization of 
anthracene followed by Sudan IV, The absorbance in this case 
was measured at the A of Anthracene before and after the 
max 
addition of Sudan IV, 
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RESULTS AND DISCUSSION 
34 
The wavelength of maximvun iabsorpt ion, A« ^ and molar 
max 
absorption coefficient, 6 and solubilities of Sudan IV and 
anthracene were determined in the surfactant solutions, 
water and organic sblirents. The A of Sudan TV is found 
max 
to be 500 nm and that of anthracene is 252 nm in various 
solvents and surfactants and does not change appreciably 
(Fig 6). Plots of absorbance versus dye concentration for 
Sudan IV are shown in fig 7, From these plots molar absorp-
tion coefficients, of Sudan TV were calculated in various 
solvents. The ^ values of Sudan IV and anthracene in these 
I O C 
solvents are given in table 1, The 6 value for anthracene 
5 
was taken as 1,67 x 10 • Solubility of Sudan IV and anthracene 
in surfactant solutions and organic solvents were, also calcu-
lated and are shown in Table 1, 
Absorbance values of Sudan IV and anthracene solu-
bilized singly and both jointly in CTAB, Triton X-100 and 
SDS in water are given in tables 2,3 and 4 respectively. 
Plots of absorbance of Sudan IV versus surfactant concen-
tration for single solubilization and both solubilized 
jointly in CTAB,TX-100 and SDS are given in figs 8-10. Plots 
of absorbance of anthracene versus surfactant concentration 
for single solubilization and both solubilized jointly in 
CTAB, TX-lOO and SDS are given in Figs 11-13, A perusal of 
figures 8-13 indicates that the absorbance does not change 
35 
1. n-hexane 
2. n-butanol 
3. n.heptane. 
4. 0.03M SDS 
5. 0.0AM CTAB 
SUDAN IV TEMP. 220C 
00 AOO 500 600 
FIG.6a. SPECTRA OF SUDAN IV IN VARIOUS 
SOLVENTS AND SURFACTANTS 
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39 
appreciably below the CMC but increases linearly with the 
concentration of the surfactant. The rapid linear change in 
absorbance after the CMC indicates the phenomenon of micelle 
formation being similar to phase separation i.e., micelle 
may be treated as a different phase than the bulk solution 
of surfactant monomers. This fact could be substantiated 
from the comparison of sol\ibility data of Sudan IV and 
anthracene in water, organic solvents and aqueous surfactant 
solution (table 1), The data clearly indicates that the 
solubility of Sudan TV and anthracene is much higher in 
micellar solution than in the bulk water. The data also 
provides that dye solubility in the bulk organic solvent is 
only an order of magnitude higher than in the micellar 
solution/ although values of molar absorption coefficients 
and /^  do not change appreciably. This is due to the 
fact that micelles provide favourable non-aqueous environ-
ment for the solubllizate. Moles of surfactant solubilizing 
a mole of dye, N , have been calculated from the slopes of 
straight lines above the CMC (Fig 8-13) and molar absorption 
coefficients, of Sudan IV and anthracene in the respective 
surfactant solutions. These values for Sudan IV and anthracene 
are given in table 5. These results show that in aqueous 
micelles, N_ is highest for anionic surfactant, SDS and lowest 
for nonionic surfactant, TX-100. 
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The solubilization of Sudan IV and anthracene in these 
three type of surfactants would depend on the nature of 
solubilizate, aggregation number and compactness of the micelle, 
SUDAN IV ^" ANTHRACENE 
In general, it has been observed that nonionic imicelles have a 
lower aggregation number and are less compact while on the 
other hand, ionic micelles have a higher aggregation number and 
are more compact than nonionic micelles. From the magnitude of 
N in table 5 it may be seen that this value is lowest for 
TX-lOO and highest for SDS micelles. 
Another significant conclusion can be had from table 5, 
For each of the three surfactants, the value of N is observed 
to be much higher for anthracene than for Sudan rv. This indi-
cates that the solubility of Sudan IV is much higher than 
anthracene in micellar surfactant. Both the dyes being hydro-
phobic are probably solubilized in the micellar hydrocarbon core 
in different regions. By virtue of its hydroxyl group, which can 
become hydrated, Sudan IV can probably be located in the outermost 
region of the core, into which some, water has penetrated, whereas 
the more hydrophobic anthracene is probably confined to the 
innermost, anhydrous region of that core. The greater adaptability 
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5) 
of Sudan IV would give It an edge diiring joint solubilization 
with anthracene. 
124 As mentioned earlier , Sudan IV prevents hydrocarbon 
induced leukemia in the ratS/ we were interested in finding which 
of the two dyes, Sudan IV or anthracene is preferentially solu-
bilized when both are present in the surfactant solution. For 
this purpose we studied the joint or competitive solubili-
zation, A comparison of the absorbance values (Tables 2-4) 
for the single solubilization of Sudan TV and both solxibilized 
jointly reveals that the absorbance values of Sudan TV are 
decreased in the joint solubilization than in the single 
solubilization of Sudan IV and so is the absorbance of 
anthracene lower in the joint solubilization than in the 
single solubilization of anthracene in all the three surfac-
tants/ (Figs 8-13) as is also reflected in the N_ values of 
single and joint solubilization. This is to be expected since 
in the joint solubilization, the molecules of both the 
dyes may be solubilized in the micelle. What is more significant 
is that for ea<fih of the three surfactants the value of N is 
higher for anthracene than for Sudan IV in the joint solubi-
lization experiment, indicating a preferential solubility of 
Sudan IV over anthracene in these surfactants. The preferential 
solubility of Sudan IV is probably responsible for preventing 
hydrocarbon induced leukemia in the rats when it is administered 
124 
with the PAHs in small amounts , Normally, the PAHs being 
slightly soluble or in soluble in water, can be solubilized in 
body fluids and transported in the body. The release of these 
52 
PAHs from t h e i r so lub i l i zed s t a t e are expected to produce 
hydrocarbon induced leulcemogenesis a t a high frequency. 
However in presence of Sudan IV these PAHs are not so lub i -
l i zed or sparingly so lub i l i zed leading to non tox ic e f fec ts 
of PAHs. . 
A calculation of solubilization ratios i.e. ratio of 
N_^  of Sudan IV or anthracene in single solubilization and 
both solubilized jointly is given in table 6 for each of 
108 109 the three surfactants^ Unlike Schott and Sayeed's work * 
on solubilization of lecithin and lecithin-cholesterol 
mixtures as well as cholesterol and cholesteryl esters of 
C^g Fatty acids by a non ionic surfactant, the solubilization 
ratio of Sudan IV on an average is 1.3 and that for anthracene 
is 1,2, These values are sufficiently close to each other and 
we cannot interpret why Sudan IV is unable to displace anth-
racene from surfactant micelles. 
The standard free energy of dye solubilization, A G , 
in all the three type of surfactants in different media were 
calculated by using the equation (3), 
The aqueous micellar solution can be followed as a 
pseudo two phase system, and the equilibrium for the distri-
bution of a solubilizate between aqueous and micellar phase 
126 
can be represented as 
Where jUL , JUL and JUr are chemical potentials of the 
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solubillzate in the solid state, aqueous phase and micellar 
phase resfjectively. The equilibrium (equation 2),' associated 
with the solubilization of & solid solubilizate is thus given 
121 
as 
Solubilizate (aqueous) ^ -^ Solubilizate (micellar) ,.,(2) 
The standard free energy of transfer of a mole of solubi-
lizate from the aqueous phase to micellar phase can be represe-
nted by equation (3) 
AG° =- RTln(C^/cJ^) (3) 
where (J and C^^ are the concentrations of the solubi-
s s 
lizate in unit mole of micellar surfactant and in aqueous phase 
126,127 
respectively. The overall standard free energy, A^o' °-^  ^^ 
•9 
system of micel le formation could be wr i t ten as' 
A ^ s = AG^+AG°+ AG° (4) 
where A G^ is the free energy change associated with 
the transfer of hydrophobic part of the amphiphile molecule 
from the aqueous medium to micellar interior of aggregation 
number N, A,G is the free energy change associated with the 
electrostatic charge repulsion of the polar head groups, and 
^ G is the free energy change related to the hydration of 
the polar head groups at the micelle water interface. 
The A G values for the solubilization of Sudan IV and 
anthracene and both jointly in CTAB, TX-lOO and SDS are given 
53 
in Table 5. From a comparison of ^ G values of Sudan TV 
and anthracene it can be seen that for each of the surfactants, 
the ^ Gg value for Sudan TV is more negative than that for 
anthracene. From these values it may be concluded that solubi-
lization of Sudan TV is more favourable than anthracene • 
Comparison of ^ G° values of Sudan TV in the three surfactants 
reveals that ^ G ° is most negative for TX-lOO followed by CTAB 
and SDS in that order. The same observation is true for anth-
racene also. A comparison of the A.G_ values of Sudan IV as 
well as anthracene in the single and joint solubilization 
experiment reveals that for each of the surfactant, ^  G^ value 
is more negative for the single solubilization experiment, than 
for the joint solubilization experiment. 
The previous work done in our lab on the solubilization 
1 0 *7 r\ 
of salts show that A G is Independent of ionic strength. 
of anthracene in ionic micelles with different concentrations 
27
snow -cnat: /\^ 
s 
This findina also suggests that A ^ is also independent of 
aggregation number, N, since the magnitude of N is known to 
128 increase with increasing ionic strength in the case of 
ionic micelles. Thus the contribution to AG originates from 
the hydrophobic forces, A.^Qt and not from the opposing forces, 
AGg and A G . Hence A *^c ^ ^ expected to depend upon the 
alkyl chain of surfactants. 
56 
The results of successive solubilization of Sudan IV 
followed by solubilization of anthracene and successive solu-
bilization of anthracene followed by solubilization of Sudan IV 
is given in Table 7, It can be seen that the absorbance of 
Sudan IV as well as that of anthracene does not change after 
the addition of Sudan IV and anthracene respectively in all 
the surfactants that is, slope and N^ remain the same. Also the 
absorbance of the second solubilizate is not negligible* it is 
quite high. This would mean that the sites of solubilization 
of both the dyes are slightly different and also that once a 
particular component has occupied its solubilization site the 
other one is not able to displace it from its site. 
124 This conclusion has implications in the biological systems 
That is, after the solubilization of PAH, if a dose of Sudan TV 
were given to the rats, it would prove to be fatal while a 
simultaneous feeding of PAH and Sudan IV would not be fatal 
as Sudan IV would be preferentially solubilized. 
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